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Introduction {#sec001}
============

Cardiac arrest (CA) entails significant risk of coma or disorders of consciousness resulting in poor neurological outcome after resuscitation \[[@pone.0182707.ref001],[@pone.0182707.ref002]\]. Therapeutic hypothermia has been shown to provide some benefits in post-CA survival and improved neurological outcomes in clinics and preclinical studies \[[@pone.0182707.ref003]--[@pone.0182707.ref005]\]\[[@pone.0182707.ref006]\]. However, recent findings from Targeted Temperature Management (TTM) trial contest the view that hypothermia (33°C) would offer an advantage over 36°C \[[@pone.0182707.ref006]\]. While deep hypothermia may still hold promise of beneficial effects, there is an unmet need to explore alternative approaches to facilitate arousal and neuroprotection \[[@pone.0182707.ref007],[@pone.0182707.ref008]\]. The orexinergic pathway has emerged as an important part of the brain's arousal system \[[@pone.0182707.ref007],[@pone.0182707.ref009]\]. The brain stem and diencephalic nuclei modulated by the orexinergic system regulate not only arousal but also basic physiologic functions \[[@pone.0182707.ref010],[@pone.0182707.ref011]\]. It originates in the hypothalamus and delivers orexin to different brain regions. Orexin-A (ORXA) is a neuropeptide that is responsible for maintaining wakefulness and is closely associated with other neurotransmitter pathways \[[@pone.0182707.ref009],[@pone.0182707.ref012],[@pone.0182707.ref013]\].

Global cerebral ischemia induced by CA and followed by reperfusion triggers a multitude of processes that ultimately result in neuroinflammatory responses with activation of glial cells, release of proinflammatory cytokines, and delayed neuronal death \[[@pone.0182707.ref014]--[@pone.0182707.ref017]\]. Levels of IL-6 and TNF-α were shown to be strongly associated with severity of post-CA syndrome (PCAS) \[[@pone.0182707.ref018]\], mortality rate, and neurologic outcomes \[[@pone.0182707.ref019]--[@pone.0182707.ref022]\]. Importantly, the systemic inflammatory response after CA was not modified by therapeutic hypothermia at 33°C or 36°C. Despite the pathophysiologic significance of CA-induced inflammation in general and neuroinflammation in particular \[[@pone.0182707.ref018],[@pone.0182707.ref020]--[@pone.0182707.ref023]\], the potential of anti-inflammation therapeutic approaches in limiting consequences of CA has not been adequately studied. Recent studies have suggested that ORXA, in addition to its well-established role in promoting arousal \[[@pone.0182707.ref007],[@pone.0182707.ref009]\], may also exhibit anti-inflammation properties \[[@pone.0182707.ref024]--[@pone.0182707.ref027]\]. Combination of such effects makes ORXA a particular attractive candidate for the treatment of CA-associated coma and neuroinflammation.

Our previous work explored ORXA as a drug that may promote arousal in an experimental setting of CA-induced coma \[[@pone.0182707.ref012]\]. A single intracerebroventricular (icv) injection of ORXA resulted in an improvement in the EEG-based measure of arousal at 4 hrs post CA. However, in the previous work we did not test whether post-CA ORXA treatment could result in any detectable changes in cytokine production in the brain that would support the idea of its anti-inflammatory properties. In the present study, we have changed the route of administration to increase a potential translational value of the post-CA ORXA treatment. We used an intranasal delivery of ORXA that can be easily implemented in clinical settings. In this proof-of-concept study we have opted to test beneficial effects of ORXA at the time point at which the icv ORXA treatment has already been proven effective (4hrs) \[[@pone.0182707.ref012]\]. We have accessed ORXA effects on neurological arousal by means of quantitative EEG that in our previous studies has been sensitive to severity of CA-associated injury as well as predictive of behavioral outcomes after hypothermia \[[@pone.0182707.ref028],[@pone.0182707.ref029]\] and icv-ORXA treatment\[[@pone.0182707.ref012],[@pone.0182707.ref030]\]. The development of our quantitative EEG approaches during the previous studies has suggested that an EEG-derived gamma frequency band might be a particular promising tool for assessing neurological arousal. Behavioral outcomes were analyzed by a neurological deficit score (NDS) \[[@pone.0182707.ref031],[@pone.0182707.ref032]\] that is a well-accepted standard to characterize effects of CA \[[@pone.0182707.ref033]--[@pone.0182707.ref035]\] and has been used in our previous study of post-CA ORXA treatment \[[@pone.0182707.ref012]\].

In the current study, we have tested the hypothesis that intranasal delivery of ORXA will improve neurological and behavioral outcomes of CA-induced coma. An additional important focus of our study is the exploration of the pathways involved in ORXA action. We hypothesize that ORXA will mitigate the neuroinflammatory response. The goals of our study are to demonstrate the effects of intranasal ORXA treatment on facilitating arousal from coma (as judged by behavioral and cortical EEG outcomes), and, in addition, ameliorate neuroinflammatory responses in a brain region-specific manner. These studies should serve as a proof-of-concept for intranasal delivery of ORXA, and should give an impetus to further clinical development of the treatments that successfully combine pro-arousal and anti-inflammatory effects.

Materials and methods {#sec002}
=====================

Animal model {#sec003}
------------

### Subjects and implantation of electrodes {#sec004}

Adult male Wistar rats, (300-350g; Charles River, Wilmington, MA) were utilized for this project. The study was designed as a proof-of-concept experiment for intranasal administration of ORXA. Our previous experiments with icv delivery of ORXA were conducted in males \[[@pone.0182707.ref012]\], so we have chosen to use animals of the same sex to avoid possible interference of an additional factor (sex) with the effects of intranasal ORXA. All experimental procedures were approved by the Institutional Animal Care and Use Committee at the Johns Hopkins University School of Medicine. The animals were habituated for 1 week before electrode implantation. Electrodes implantation was conducted under 2--3% isoflurane anesthesia delivered via a mask. Rats were implanted with 5 epidural EEG screw electrodes (Plastics One, USA), with two of the electrodes placed at 2mm anterior to Bregma and 2mm to the right and left of Bregma, corresponding to the M1 regions of the frontal cortex. Additional two electrodes were placed at 6mm posterior to Bregma and 4mm to the right and left of Bregma, corresponding to the V1 regions of the occipital cortex. A ground/reference electrode was placed over the cerebellar region (2 mm posterior to Lamda). The electrodes were attached to a pedestal (MS363, Plastics One, USA) and stabilized with denture resin (Lang Dental, USA) to facilitate connection with the neural recording device, an RX5 TDT device (Tucker Davis Technologies, Alachua, FL). The electrodes were implanted 1 week prior to asphyxia-induced CA experiments to allow full recovery from this preliminary preparation \[[@pone.0182707.ref012],[@pone.0182707.ref030]\].

### Asphyxial-CA model {#sec005}

One week after electrode implantation, animals were subjected to asphyxia-induced 7 min CA ([Fig 1](#pone.0182707.g001){ref-type="fig"}). Based on the prior studies \[[@pone.0182707.ref012],[@pone.0182707.ref030],[@pone.0182707.ref036]\], we have expected that this duration results in an injury that is broad and significant but still results in the survival of the animal post CA, and thus allowing examination and titration of neuroprotective strategies. Our previous study has also demonstrated that CA in this model results in neuronal injury when tested as early as 4hrs post-ROSC \[[@pone.0182707.ref037]\]. Prior to CA, rats were endotracheally intubated by direct laryngoscopy and mechanically ventilated with 2% isoflurane in 50% O~2~ + 50% N~2~ gas, after which the femoral artery and vein were cannulated with polyethylene 50 tubing catheters to monitor blood pressure (BP) and sample arterial blood gases (ABGs) and to administer intravenous medications. Our CA protocol has been described in detail previously \[[@pone.0182707.ref012],[@pone.0182707.ref030],[@pone.0182707.ref036]\]. Briefly, we carried out 10 minutes of baseline EEG recording under isoflurane. Following baseline recording, anesthesia was washed out for a total 5 minutes, starting with 2 minutes of 100% O~2~ without isoflurane to capture non-anesthetized EEG. Then for 3 minutes, FiO~2~ was decreased to 20% with 80% of N~2~ gas (room air). Rocuronium bromide 2mg/kg IV was administered for muscle paralysis at 2 minutes of washout time. Following 5 minutes of gas washout, global asphyxia was induced by stopping and disconnecting the ventilator and clamping the tracheal tube. Global asphyxia was accompanied by transient hypertension, followed by progressive bradycardia, hypotension and eventual CA (defined by MAP\<10 mmHg and cessation of electrical rhythm and non-pulsatile-pressure wave) are observed.

![Schematic diagram of experimental design.](pone.0182707.g001){#pone.0182707.g001}

Resuscitation {#sec006}
-------------

After the predetermined CA period (7 min), cardiopulmonary resuscitation (CPR) was initiated by unclamping the tracheal tube, restarting mechanical ventilation with 100% O~2~, administering epinephrine (5 μg/Kg, i.v.), and applying sternal chest compressions with two fingers (\~200 compressions/min, to generate mean arterial pressure (MAP) \>50 mmHg) and NaHCO3 (1mmol/Kg, i.v.) to normalize arterial pH. When the aforementioned measures were achieved, the resulting time was noted as a return of spontaneous circulation (ROSC). ABGs were sampled 15 minutes after ROSC. Anesthesia was not provided post-resuscitation in order to minimize drug effects on recorded neural (EEG) signals and to facilitate the return of arousal. Following successful resuscitation, the animal was hyperventilated (TV 10 ml/Kg, RR 65/min and PEEP 3 cmH~2~O) for 10 min. Subsequent ventilator changes were performed according to the ABG. RR was adjusted to 50/min \[[@pone.0182707.ref012],[@pone.0182707.ref036]\]. Rectal temperature was maintained at 37.0°C using a warming pad and lamp. Once a rat achieved spontaneous respirations, it was extubated, and vascular catheters were removed, sutures were administered to the femoral region.

Treatment with Orexin-A (ORXA) {#sec007}
------------------------------

At 30 minutes post-ROSC, the rats were randomized to receive saline (vehicle), low (10μM) ORXA or high dose (50 μM) of ORXA intranasally. Each animal received 10 μl x 3 in each nostril for a 30 second interval (60 μl total). The low dose ORXA group received 600 nmoles (10μM/L = 10nmoles/1 μL; 10 nmoles X 60 μl = 600 nmoles) and high dose (50 μM) ORXA group received 3000 nmoles total, respectively.

Behavioral testing {#sec008}
------------------

The Neurologic Deficit Scale score (NDS score), which was previously developed and validated extensively \[[@pone.0182707.ref031],[@pone.0182707.ref032],[@pone.0182707.ref037]\]ranges from 0--80 and serves as a surrogate quantitative rodent neurodeficit and coma score, analogous to human coma scores. The NDS was previously used to quantitate rodent coma and arousal levels \[[@pone.0182707.ref036],[@pone.0182707.ref038]\]. The NDS assesses arousal, cranial nerve reflexes, and motor behavior. See [S1 Table](#pone.0182707.s002){ref-type="supplementary-material"} for details of its components. The NDS was determined at 4 hours post-ROSC. Trained personnel who were blinded to the vehicle and treatment groups conducted NDS examinations ([S1 Table](#pone.0182707.s002){ref-type="supplementary-material"}).

EEG recording and analysis {#sec009}
--------------------------

Before performing CA, baseline EEG (15 minutes) was recorded. The signals were digitalized using the data acquisition package CODAS (DATAQ Instruments INC., Akron OH). EEG was monitored for 4 hours post-CA continuously. The EEG was down sampled from 12,200 samples per second to 122. EEG gamma band (γ = 30-50Hz) energy was calculated using the Teager Energy Operator \[[@pone.0182707.ref039]\]. Additionally, delta (1--3 Hz), theta (4--7 Hz), alpha (8--12 Hz) and beta (21--30 Hz) energy bands were also calculated for every sample. The Gamma Fraction was obtained by dividing the gamma band energy by the total power under 50Hz. These measurements were then averaged over one minute. Gamma band EEG was previously validated as a measure of arousal from coma \[[@pone.0182707.ref030],[@pone.0182707.ref036],[@pone.0182707.ref038],[@pone.0182707.ref040]\].

Brain samples collections {#sec010}
-------------------------

Four hours after CA and resuscitation, the animal was anesthetized with isoflurane and then decapitated. The brain was rapidly excised and the frontal cortex (PFC), caudal cortex, hippocampus, striatum, hypothalamus, medulla, rest of the brain (ROB), and cerebellum were dissected. Each brain region was frozen in 2-methylbutane at −50°C, and stored at −80°C until use.

Total RNA isolation and real time RT-PCR {#sec011}
----------------------------------------

Our choice of proinflammatory markers was mainly based on two criteria: whether the markers are activated in the early phase of inflammation and how well they are characterized in the models of ischemia. By these criteria, IL-1β, TNFα, and iNOS are all involved in an acute phase of inflammation and are widely used markers of neuroinflammation induced by ischemia \[[@pone.0182707.ref014],[@pone.0182707.ref041]\]. GFAP was used as a marker of astrocytes and increases in GFAP transcription could be considered as a marker of initiation of astrogliosis. CD11b has been chosen as a widely used marker of microglial activation in the brain in settings of proinflammatory responses. Total RNA was isolated from different brain structures using an RNeasy lipid tissue mini kit (Qiagen, Valencia, CA). Briefly, the tissue was homogenized in Qiagen lysis solution and total RNA was isolated by phenol-chloroform extraction. Complementary DNA was prepared from total RNA using a high-capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). mRNA levels (IL1β, iNOS, CD11b, TNF-α, GFAP, ORX1 R, ORX2 R) were measured by quantitative RT-PCR, using an ABI PRISM 7000 sequence detection system (Applied Biosystems). Specific primers and probes for these markers ([S2 Table](#pone.0182707.s003){ref-type="supplementary-material"}), purchased from TaqManR gene expression assays (Applied Biosystems), consisted of a 20X mix of unlabeled PCR primers and Taqman minor groove binder (MGB) probe (FAM dye-labeled). The fold-change in gene expression was determined by the ΔΔCT method \[[@pone.0182707.ref042]\]. Data are expressed as the relative levels of the target gene in the CA rat normalized to the endogenous control (GAPDH) and relative to the control (sham control). All experiments were carried out in duplicate with 10 sham controls, 6 brain samples for CA+saline and 6 brain samples from CA+ORXA treatment rats. Data are expressed as relative fold change in gene expression.

Statistics {#sec012}
----------

Data are presented as mean ± SEM. When three groups were compared (sham control, saline treated CA and ORX treated CA), statistical significance was determined using main effect or mixed design ANOVAs followed by post-hoc tests when appropriate for comparisons between particular set of means. Statistical significance was set at p ≤0.05. P levels for multiple comparisons were modified by Bonferroni correction. Details of statistical analyses for behavioral and EEG data are presented in [S3](#pone.0182707.s004){ref-type="supplementary-material"}, [S4](#pone.0182707.s005){ref-type="supplementary-material"} and [S5](#pone.0182707.s006){ref-type="supplementary-material"} Tables, respectively. Results of statistical analyses for mRNA levels of cytokines and ORX receptor levels in different brain structures are presented in [S6](#pone.0182707.s007){ref-type="supplementary-material"}--[S9](#pone.0182707.s010){ref-type="supplementary-material"} Tables.

Results {#sec013}
=======

Baseline characteristics of ORXA treated and control saline animals {#sec014}
-------------------------------------------------------------------

We obtained baseline characteristics of body weight, blood gases and hemoglobin levels for all rats immediately prior to CA ([Table 1](#pone.0182707.t001){ref-type="table"}). No statistical differences were observed for these parameters between groups, confirming successful randomization into the treatment groups ([Table 1](#pone.0182707.t001){ref-type="table"}). Baseline hemodynamic parameters, including heart rate (HR) and BP measurements as obtained by arterial line measurements prior to ORXA or saline treatment did not show any significant differences as well ([Table 2](#pone.0182707.t002){ref-type="table"}).

10.1371/journal.pone.0182707.t001

###### Baseline (pre-cardiac arrest) characteristics of Orexin-A and control groups.

No significant differences in baseline characteristics between animals in CA+Saline (n = 6) and CA+Orexin-A (50 μM) (n = 6).

![](pone.0182707.t001){#pone.0182707.t001g}

  Parameters                                               CA+Saline     CA+Orexin-A
  -------------------------------------------------------- ------------- --------------
  Weight(g)                                                367.4±7.59    365.12±3.11
  pH                                                       7.44±0.12     7.37±0.14
  pCO2 (mmHg)                                              40.05±1.74    39.12±2.39
  pO2 (mmHg)                                               162.2±8.18    177.66±16.43
  HCO3 (mmol/L)                                            27.52±0.57    29.33±0.46
  Na (mmol/L)                                              136.93±0.43   136.00±0.40
  Hemoglobin (mmol/L)                                      12.01±0.25    12.33±0.09
  Time to CA(s)                                            243.33±4.81   241.5±8.54
  Time to ROSC(sec)[\*](#t001fn002){ref-type="table-fn"}   96.33±13.14   102.5±6.76

Group means ± SEM are shown.

\*ROSC indicates [r]{.ul}eturn [o]{.ul}f [s]{.ul}pontaneous [c]{.ul}irculation.

10.1371/journal.pone.0182707.t002

###### Hemodynamic parameters at 30 minutes post- ROSC (before drug) and 30 minute post Orexin-A treatment.

No significant differences were observed before treatments. The effects of ORXA (50 μM) or Saline were measured 30 min after the treatment.

![](pone.0182707.t002){#pone.0182707.t002g}

  ----------------------------------------------------------------------------------------------
  GROUP    30 minutes Post-ROSC\   30 minutes Post-Drug\                      
           (Pre-Treatment Drug)    (Post-Treatment Drug)                      
  -------- ----------------------- ----------------------- ------------------ ------------------
  SBP\     130.93±6.14             143.66±10.48            106.32±7.95^\#^    130.51±6.74
  (mmHg)                                                                      

  DBP\     86.90±4.04              88.32±6.79              74.25±6.38^\#^     86.73±5.80
  (mmHg)                                                                      

  MAP\     101.64±4.67             106.77±7.93             86.49±6.77\*^\#^   106.63±6.37
  (mmHg)                                                                      

  Pulse\   380.23±6.60             373.82±23.07            340.06±11.52^\#^   336.42±10.86^\#^
  (bpm)                                                                       
  ----------------------------------------------------------------------------------------------

Group means ± SEM are shown. ROSC indicates return of spontaneous circulation; SBP, systolic blood pressure; DBP, diastolic blood pressure; and MAP, mean arterial pressure; bpm, beats per minute.

Two-way mixed design ANOVAs (Group x Time point) were used for statistical analyses. An asterisk (\*) indicates a significant between-group difference at the post-drug period, p\<0.05; pound (\#) indicate significant effects of Time point (Post-ROSC vs Post-Drug) in the same group of animals, p \<0.05 (Neuman-Keuls post-hoc test applied to a significant ANOVA main effect or interaction).

CA induced coma {#sec015}
---------------

As illustrated in [Table 1](#pone.0182707.t001){ref-type="table"}, times to enter CA or return of spontaneous circulation (ROSC) were statistically equivalent between groups. In our CA model (7 min-long CA), the failure to achieve ROSC (failure of resuscitation) is about 10%. After this protocol of CA, all animals remained in coma. They usually started regaining alertness around 4 hrs post-CA.

Hemodynamic response to ORXA treatment {#sec016}
--------------------------------------

Hemodynamic measurements in the saline-treated rats revealed significant decreases in heart rate and blood pressure between 30 and 60 min after ROSC ([Fig 1](#pone.0182707.g001){ref-type="fig"}; [Table 2](#pone.0182707.t002){ref-type="table"}). In contrast to the saline group, the ORXA-treated rats showed more stable parameters of hemodynamics during this time period ([Table 2](#pone.0182707.t002){ref-type="table"}). It is noteworthy that this effect of ORXA treatment was limited to only blood pressure but not heart rate ([Table 2](#pone.0182707.t002){ref-type="table"}).

Orexin-A improves behavioral arousal (NDS) {#sec017}
------------------------------------------

Neurologic testing of rats was conducted at 4 hrs post-ROSC in both saline and ORXA treated groups ([Fig 2](#pone.0182707.g002){ref-type="fig"}). To analyze a dose-response of behavioral effects of ORXA, two experimental groups were included (ORXA-10μM and ORXA-50μM). Total NDS score consists of sum from 18 different tests with the maximum of 80 points (best performance) and the minimum 0 points (worst performance) ([S1 Table](#pone.0182707.s002){ref-type="supplementary-material"}). At 4 hrs after ROSC, comparison of total NDS scores between the saline, ORXA-10 and ORXA-50 groups revealed better performance in the rats treated with 50μM of ORXA as compared with two other groups ([Fig 2A](#pone.0182707.g002){ref-type="fig"}, [S2 Table](#pone.0182707.s003){ref-type="supplementary-material"}). Lower dose of ORXA (10μM) failed to show efficacy as there were no significant differences between the saline and ORXA-10 groups. Since NDS testing is designed to reflect a full range of behavioral repertoire from arousal to coma, not all categories of behavioral responses are sensitive at particular states of arousal. In the next set of analyses, we removed all behavioral responses that showed no variability due to "floor/ceiling" effects. This yielded a set of 12 variables. To reveal possible correlations within this set of variables the data were submitted to Spearman Rank Order correlations ([S3 Table](#pone.0182707.s004){ref-type="supplementary-material"}). This analysis revealed two clusters of correlated variables ([Fig 2B](#pone.0182707.g002){ref-type="fig"}). Cluster 1 included NDS subscores of alertness, vision, pain reactivity, strength and acoustic startle reaction, while Cluster 2 reflected olfaction, swallowing, and reaction to whisker stimulation ([Fig 2B](#pone.0182707.g002){ref-type="fig"}). The pupillary and righting reflexes as well as indexes of respiration and seizures were not correlated to any other subscores ([Fig 2B](#pone.0182707.g002){ref-type="fig"}). Analysis of the effect of ORXA treatments on NDS subscores revealed a significant improvement in behavioral outcomes due to an increase in subscores of Cluster1 after treatment with 50μM ORXA ([Fig 2C](#pone.0182707.g002){ref-type="fig"}, [S2 Table](#pone.0182707.s003){ref-type="supplementary-material"}). There were no significant improvements for the 10μM ORXA treatment group.

![Intranasal orexin-A treatment improves behavioral outcomes after CA.\
(A) Neuro Deficit score (NDS) was tested at 4 hrs after ROSC for control (CA+ saline) (n = 6), CA+10μM orexin-A (n = 6), and CA+ 50μM orexin-A (n = 6) treatment groups. (B) Schematic representation of correlations between individual NDS subscores. See [S3 Table](#pone.0182707.s004){ref-type="supplementary-material"} for correlation coefficients. (C) Subscores of Cluster 1 were improved after treatment with 50 μM ORXA. Values are reported as mean± SEM. Single and double asterisks indicate significant differences from Saline group as a result of LSD post-hoc test with p levels less than 0.025 or 0.0001, respectively. Single and double pound signs indicate significant differences from ORXA-10 group as a result of Bonferroni post-hoc test with p levels less than 0.025 or 0.0001, respectively. See [S2 Table](#pone.0182707.s003){ref-type="supplementary-material"} for the results of appropriate ANOVAs.](pone.0182707.g002){#pone.0182707.g002}

Based on behavior outcome results (NDS results) post-CA, we took this study forward using 50μM ORXA treatment to evaluate neurophysiological arousal and its anti-inflammatory effect in the brain.

Orexin-A promotes arousal after CA/resuscitation as measured by EEG gamma fraction {#sec018}
----------------------------------------------------------------------------------

Next, we investigated the effect of intranasal 50μM ORXA on EEG gamma band power (30--50 Hz), a measure of neurophysiologic arousal in the brain. The EEG gamma band has also been shown to be a predictor of good neurological outcome \[[@pone.0182707.ref043]\]. EEG gamma power was indistinguishable between groups before treatments ([Fig 3A--3C](#pone.0182707.g003){ref-type="fig"}, [S4 Table](#pone.0182707.s005){ref-type="supplementary-material"}) supporting a successful randomization into the groups. After treatments, the ORXA-50 group demonstrated significantly higher EEG gamma power when tested during \~3.5hrs post-treatment period ([Fig 3A and 3D](#pone.0182707.g003){ref-type="fig"}, [S4 Table](#pone.0182707.s005){ref-type="supplementary-material"}). Significant effect of ORXA-50 was revealed mainly due to differences observed from 45 to 165 min post treatment (Bonferroni post-hoc test, p\<0.05) ([Fig 3A](#pone.0182707.g003){ref-type="fig"}). At later time points the differences between the saline and the ORXA-50 groups disappeared due to recovery of EEG gamma band in saline treated animals. Thus, intranasal treatment with 50μM ORXA improved early recovery of EEG gamma power, particularly in the first 2.5 hrs after the treatment.

![EEG IQ gamma band (30--50 Hz) for the50μM Orexin-A group (red line, n = 6) and the group of control rats treated with saline (black line, n = 6).\
(A) Sub-band EEG gamma power tracing shows that orexin-A leads to improved EEG IQ shortly after intranasal administration in gamma band EEG IQ levels. (B-D) EEG gamma power averaged for periods of baseline recording (B), ROSC (C), and post-treatment (Saline/ ORXA) (D). Data are presented in mean± SEM. BL indicates baseline (pre-anesthesia); CA: asphyxial cardiac arrest; Drug: represents the period after saline or orexin treatment. Asterisk indicates significant between-group differences for the post-drug period, p\<0.021. Results of statistical analyses are presented in [S4 Table](#pone.0182707.s005){ref-type="supplementary-material"}.](pone.0182707.g003){#pone.0182707.g003}

Post-CA Orexin-A treatment primarily increases mRNA levels of ORX type 1 receptor {#sec019}
---------------------------------------------------------------------------------

There are two types of receptors to orexin, and ORXA neuropeptide can bind and activate both orexin receptor 1 (ORX 1R) and orexin receptor 2 (ORX 2R) \[[@pone.0182707.ref044]\]. mRNA levels of ORX receptors are characterized by dramatic variability between different brain structures with the maximum levels detected in the hypothalamus for both types of receptors ([Fig 4A](#pone.0182707.g004){ref-type="fig"}). CA-induced changes in mRNA levels of ORX 1R were also dependent on a brain structure and varied from activation (PFC, Medulla) to inhibition (Caudal Cortex, Hypothalamus, Cerebellum) ([Fig 4B](#pone.0182707.g004){ref-type="fig"}). Predominant effect of post-CA treatment with ORXA was an increase in ORX 1R mRNA levels as compared to control or CA-Saline group ([Fig 4B](#pone.0182707.g004){ref-type="fig"}). In contrast to ORX 1R, ORX 2R mRNA levels were mostly decreased as a result of CA and/or ORXA treatment. The only exception was the hypothalamus where, in concert with ORX 1R, mRNA levels of ORX 2R were dramatically increased after the ORXA treatment ([Fig 4C](#pone.0182707.g004){ref-type="fig"}). Despite the contrasting character of changes in mRNA levels of ORX 1R and ORX 2R, within each treatment group mRNA for both types of receptors remain correlated ([S1 Fig](#pone.0182707.s001){ref-type="supplementary-material"}; [S6 Table](#pone.0182707.s007){ref-type="supplementary-material"}). In summary, effects of post-CA treatment with ORXA predominantly increase mRNA levels of orexin receptor 1 while mRNA levels of orexin receptor 2 remain unchanged or decrease. The only brain structure in which ORXA treatment increase mRNA levels of both types of orexin receptors is the hypothalamus. In addition, analyses of variability in brain structures and treatment groups imply existence of multiple mechanisms subserving structure and state-specific co-regulation of levels of ORX 1R and 2R receptors.

![Effects of CA and ORXA treatment (50 μM) on mRNA levels of ORX receptors in different brain structures.\
(A) mRNA levels of Orexin receptor 1 and 2 in different brain structures as compared to Cerebellum. (B-C) Effects of CA and ORXA treatment on mRNA levels of ORX receptor-1 (B), and ORX receptor-2 (C). Results are expressed relative to the control group. Asterisks and pound sings indicate significant differences from Sham control or CA+Saline group, respectively, as a result of LSD post-hoc tests with p levels corrected for multiple comparisons, p~cor~\<0.0021 (see [S5 Table](#pone.0182707.s006){ref-type="supplementary-material"} for results of ANOVA). Probe sequences for RT-PCR are presented in [S2 Table](#pone.0182707.s003){ref-type="supplementary-material"}.](pone.0182707.g004){#pone.0182707.g004}

Post-CA Orexin-A treatment has anti-inflammatory effect in the brain {#sec020}
--------------------------------------------------------------------

To characterize a neuroinflammatory status after post-CA ORXA treatment, we chose five well-characterized markers of neuroinflammation that represent activation of cytokines (IL1β, TNFα), nitric oxide (iNOS), changes in an astrocytic structural protein (GFAP), and microglial cell surface marker (CD11b). To avoid possible issues with different sensitivity of antibodies in western blot or histochemistry assays, we chose to characterize the neuroinflammatory markers by the RT-PCR approach. IL1β cytokine is an important mediator of the inflammatory response, and is involved in a variety of cellular activities, including cell proliferation, differentiation, and apoptosis \[[@pone.0182707.ref045]\]. The induction of cyclooxygenase-2 (PTGS2/COX2) by this cytokine in the central nervous system is found to contribute to inflammatory pain hypersensitivity and other neurological disorders \[[@pone.0182707.ref041]\]. Among proinflammatory molecules, IL1β is considered as an immediate-response protein secreted early by activated microglia and astrocytes \[[@pone.0182707.ref046]\]. In the Saline treated group, CA dramatically increased IL1β mRNA expression levels within all brain regions as compared to sham operated control. Particularly vigorous responses were observed in the hippocampus, striatum, and prefrontal cortex (PFC) ([Fig 5A](#pone.0182707.g005){ref-type="fig"}). Intranasal ORXA 50 μM treatment was effective rescuing the CA-induced IL1β increase in the hippocampus and striatum, hypothalamus and cerebellum ([Fig 5A](#pone.0182707.g005){ref-type="fig"}).

![Effects of CA and ORXA treatment (50 μM) on mRNA levels of neuroinflammatory markers.\
(A) CD11b, (B) iNOS, (C) TNF-α, (D) GFAP, and (E) IL1β. RT-PCR measures were done in brain samples of the prefrontal cortex (PFC), caudal cortex, hippocampus, striatum, hypothalamus, medulla, rest of the brain (ROB), and cerebellum. Asterisks and pound sings indicate significant differences from Sham control or CA+Saline group, respectively, as a result of LSD post-hoc tests with p levels corrected for multiple comparisons, p~cor~\<0.0021 (see [S7 Table](#pone.0182707.s008){ref-type="supplementary-material"} for results of ANOVA). Probe sequences for RT-PCR are presented in [S2 Table](#pone.0182707.s003){ref-type="supplementary-material"}.](pone.0182707.g005){#pone.0182707.g005}

TNF-α is a cell signaling cytokine involved in systemic and neuro-inflammation and is one of the cytokines that is involved in the acute phase reaction. Following brain ischemia, expression of TNF-α increases in the ischemic penumbra \[[@pone.0182707.ref047]\]. Post-CA, TNF-α mRNA expression levels were significantly increased within all brain regions with the maximum response in the hippocampus, striatum, medulla and PFC. Intranasal ORXA 50 μM treatment was able to rescue the CA-induced increases in mRNA TNF-α levels in the hippocampus ([Fig 5B](#pone.0182707.g005){ref-type="fig"}).

Nitric oxide is a reactive free radical, which acts as a biologic mediator in several processes, including neurotransmission. iNOS produces large quantities of NO upon stimulation such as by NF-kB and by pro-inflammatory cytokines \[[@pone.0182707.ref048]\]. In CA+Saline group, iNOS mRNA expression levels increased significantly within all brain regions with the maximum increase observed in the PFC, hippocampus, striatum and hypothalamus. Intranasal ORXA 50 treatment significantly decreased CA-induced iNOS activation in the hippocampus and hypothalamus ([Fig 5C](#pone.0182707.g005){ref-type="fig"}).

GFAP is an intermediate filament protein that is expressed mainly by astrocytes. GFAP is involved in many functions including cell communication, the blood brain barrier, and repair after CNS injury. As illustrated in [Fig 5D](#pone.0182707.g005){ref-type="fig"}, CA resulted in significant increases in mRNA GFAP levels in the PFC and striatum, while there were no significant increases in other brain regions. Post-CA treatment with ORXA-50 group did not modify mRNA GFAP levels as compared to CA+Saline treated animals ([Fig 5D](#pone.0182707.g005){ref-type="fig"}).

CD11b is a cell surface recognition receptor that is used as a marker for microglial activation in the CNS \[[@pone.0182707.ref049]\]. CD11b is required for the microglia-neuron interaction \[[@pone.0182707.ref050]\] and is essential for microglial phagocytosis \[[@pone.0182707.ref051]\]. CA significantly increased CD11b mRNA levels in the PFC, caudal cortex, hippocampus, and striatum. The maximum response was observed in the PFC ([Fig 5E](#pone.0182707.g005){ref-type="fig"}). Intranasal ORXA 50 μM treatment prevented CA-induced activation of CD11b in the hippocampus and showed trend inhibiting mRNA CD11b levels in the PFC ([Fig 5E](#pone.0182707.g005){ref-type="fig"}).

To analyze the extent to which changes in the neuroinflammatory markers were linked with each other, we performed factor analyses (FA) using data from three representative brain structures: the PFC, hippocampus and hypothalamus ([Fig 6](#pone.0182707.g006){ref-type="fig"}). For each of the structures, the FA yielded 2 factors that explained more than 85% of variability in the data sets ([S8 Table](#pone.0182707.s009){ref-type="supplementary-material"}). This indicated that, in each of the brain structures, 5 markers of neuroinflammation can be faithfully represented by two non-correlated integral variables (Factors). In each of the brain structures, measures of cytokines (IL1β, TNFα) and iNOS were co-segregated in one Factor indicating that CA-induced activation of these markers is highly correlated ([Fig 6](#pone.0182707.g006){ref-type="fig"}; [S8 Table](#pone.0182707.s009){ref-type="supplementary-material"}). In the PFC, this Factor also included activation of GFAP, the marker of astroglial filaments that was not activated at this time point in most of other brain structures ([Fig 5D](#pone.0182707.g005){ref-type="fig"}). The second Factor in the PFC represented the variability in CD11b that was independent of other measures ([Fig 6A](#pone.0182707.g006){ref-type="fig"}; [S8 Table](#pone.0182707.s009){ref-type="supplementary-material"}). Analysis of factor scores in CA + Saline and CA + ORXA groups revealed that effect of ORXA treatment in the PFC was limited to inhibition of only one marker, CD11b ([Fig 6A](#pone.0182707.g006){ref-type="fig"}; [S9 Table](#pone.0182707.s010){ref-type="supplementary-material"}). Similar analysis in the hippocampus demonstrated that ORXA was more effective than in the PFC and inhibited all neuroinflammatory markers that were activated by CA ([Fig 6B](#pone.0182707.g006){ref-type="fig"}; [S9 Table](#pone.0182707.s010){ref-type="supplementary-material"}). In contrast to the forebrain structures, there was no activation of the structural markers of neuroinflammation in the hypothalamus (GFAP, CD11b) ([Fig 5D and 5F](#pone.0182707.g005){ref-type="fig"}). In the latter brain structure, the ORXA treatment was highly effective preventing the concerted activation of IL1β, TNFα, and iNOS after cardiac arrest ([Fig 6C](#pone.0182707.g006){ref-type="fig"}; [S9 Table](#pone.0182707.s010){ref-type="supplementary-material"}).

![Summary of changes in neuroinflammatory markers induced by CA and ORXA treatment.\
Raw variables of neuroinflammatory markers were subjected to factor analyses for each of the representative brain structures: (A) the prefrontal cortex, (B) hippocampus, and (C) hypothalamus. Group means ± SEM for Factor scores are shown for CA + Saline and CA + ORXA groups. Inserts in each panel show sets of variables represented by each factor (see [S8 Table](#pone.0182707.s009){ref-type="supplementary-material"} for Factor loadings). Asterisks indicate significant effect of ORXA, p\<0.005, as a result of LSD post-hoc tests (see [S9 Table](#pone.0182707.s010){ref-type="supplementary-material"} for the ANOVAs of factor scores).](pone.0182707.g006){#pone.0182707.g006}

Discussion {#sec021}
==========

We used a model of cardiac-arrest induced coma \[[@pone.0182707.ref012],[@pone.0182707.ref032],[@pone.0182707.ref038]\] in rats to assess whether intranasal administration of a pro-arousal drug, ORXA, would promote early recovery. This model is highly relevant to analogous clinical situations in humans, as in all animals full cardiac arrest is followed by a drastic decline in blood pressure, severe acidification and hypercapnia that would result in death unless intensive efforts were made to resuscitate the animal. The return of spontaneous circulation after successful resuscitation does not result in recovery of alertness and marks the onset of a long period of coma, as documented by EEG. To experimentally test the hypothesis that promoting early arousal from coma might have beneficial effects, we used intranasal treatment with ORXA delivered 30 minutes after cardiac arrest. Our study demonstrated that this treatment was effective, triggering neurophysiological signs of arousal as judged by activation of a gamma rhythm on EEG and stabilization of blood pressure. In addition, it ameliorated neuroinflammation and significantly improved behavioral arousal.

These results are consistent with a previous study in which we utilized a similar model, with ORXA delivered by a more invasive icv root \[[@pone.0182707.ref012],[@pone.0182707.ref030]\]. As with icv delivery, intranasal ORXA resulted in significant improvement of neurologic deficits documented four hours after cardiac arrest. The neurologic deficit scale used in this study was developed to characterize the complete spectrum of alertness, from coma to full wakefulness \[[@pone.0182707.ref001],[@pone.0182707.ref032]\]. Particular benefits of ORXA at the earliest stages of behavioral arousal included improved reactivity to stimuli of different modalities (visual, tactile, acoustic, pain) as well as improved general alertness.

One of the earliest effects of ORXA was observed as early as 30 min after the treatment and consisted of prevention of the decline in the arterial blood pressure that was observed at this stage in the vehicle-treated animals. The improved stability of hemodynamic parameters in the orexin-treated animals might indicate more effective engagement of mechanisms of central regulation of blood pressure. One of the brain structures that is known to mediate the pressor effects of orexins is the rostral ventrolateral medulla \[[@pone.0182707.ref024]\]. Our data on levels of mRNA orexin receptors documented that the medulla was indeed one of the brain structures with the most rigorous response to intranasal ORXA administration.

In our previous studies, we demonstrated that ORXA, when delivered icv or intra-venously, significantly improved electrophysiological measures of arousal and, in particular, increased the power of the EEG gamma band \[[@pone.0182707.ref012],[@pone.0182707.ref030],[@pone.0182707.ref052]\]. Gamma rhythms on EEG are associated with higher cortical functions such as learning, memory, perception, arousal and consciousness \[[@pone.0182707.ref052]--[@pone.0182707.ref054]\]. Importantly, recovery of the EEG gamma band is associated with better neurological / behavioral outcomes and survival rate after coma \[[@pone.0182707.ref012],[@pone.0182707.ref030],[@pone.0182707.ref052]\]. In this study, intranasal administration with orexin A was also effective at increasing the power of the EEG gamma band. This is a significant finding, as this route of administration allows for decreasing the dose and avoiding side effects associated with the peripheral treatment. It is also easier to implement in situations of acute care. Maximal orexin-induced changes in the gamma band were detected 40--120 min after the treatment. Of note, ORXA did not increase absolute values of this EEG measure but rather stabilized and prevented a decline in the gamma band observed in the controls. If this decline in EEG gamma power signifies a particularly vulnerable time period during early recovery, timing of treatment with a pro-arousal drug might be critical. Importantly, the timing of intranasal ORXA administration used in this study---30 min after cardiac arrest---was effective in sustaining EEG gamma power over the whole period of gamma band depression.

Improvements in behavioral arousal after intranasal ORXA administration were also associated with significant amelioration of neuroinflammation, as assessed by RT-PCR for multiple cytokines and structural markers of astroglia and microglia. One of the major triggers for ischemia-induced inflammation in the brain is oxidative stress. Cardiac arrest dramatically induced immediate mediators of neuroinflammation such as IL1β, TNFα, and iNOS. mRNA levels of these mediators were highly correlated with each other, consistent with ischemia-induced over-activation of multiple inflammatory pathways \[[@pone.0182707.ref055],[@pone.0182707.ref056]\]. Amelioration of the consequences of the global ischemia/reperfusion response could be highly beneficial for preventing secondary neuronal injury due to over-activated inflammatory cascades. Intranasal ORXA administration inhibited the concerted activation of IL1β, TNFα, and iNOS markers in a number of brain structures, including the hippocampus and hypothalamus. Previously, cytokine activation including such key components as TNFα and IL1β have been shown in different models of CA \[[@pone.0182707.ref016],[@pone.0182707.ref017],[@pone.0182707.ref057]\] although the involvement of other cytokines is likely to be affected by type of the model, duration of CA and other procedure-related factors \[[@pone.0182707.ref016],[@pone.0182707.ref017]\].

Our data on the beneficial effects of ORXA treatment are in agreement with recent studies showing that orexins have neuroprotective qualities, in part by reducing neuroinflammation \[[@pone.0182707.ref025]\]. Some studies indicated that orexin receptors and iNOS can be observed in the same brain cells, and that levels of orexins and NO might be co-dependent during waking and sleep \[[@pone.0182707.ref024]\]\[[@pone.0182707.ref026]\]. In addition, ORXA may act as an immunomodulatory regulator by reducing pro-inflammatory cytokines when tested on microglia \[[@pone.0182707.ref027]\]. Whether ORXA may exert similar effects on different cell types such as neurons or astrocytes is unclear. CA has been shown to result in cell- and brain-region-specific cytokine production. For example, CA-induced TNFα has being co-localized with neurons and IL1β with astrocytes in striatum \[[@pone.0182707.ref016],[@pone.0182707.ref017]\].

Cytokine responses of different brain structures to cardiac arrest were not identical as could be expected from the previous studies in a ventricular fibrillation model of CA \[[@pone.0182707.ref016],[@pone.0182707.ref017]\]. In our hands, the hippocampus, frontal cortex and striatum showed the highest response to CA as judged by a fold activation of mRNA levels. Striatum was one of the most reactive brain structures in other CA studies as well \[[@pone.0182707.ref016],[@pone.0182707.ref017]\]. The ORXA-induced attenuation of the cytokine activation was also different between brain structures. The hypothalamus was characterized by the highest levels of orexin receptors and was the only brain structure in which ORXA administration increased production of both types of orexin receptors (ORX 1R and ORX 2R). In all other brain structures, ORXA administration resulted in predominant activation of ORX 1R, while inhibiting the ORX 2R pathway. The hypothalamus was effectively protected by ORXA, as induction of IL1β, TNFα, and iNOS decreased. Importantly, in the hypothalamus cardiac arrest did not activate structural markers of neuroinflammation in microglia (CD11b) or astroglia (GFAP). These data suggest that the hypothalamus may be less vulnerable than evolutionarily more modern forebrain structures such as the prefrontal cortex, which responded to the same assault by activation of all measured neuroinflammatory markers. In the latter structure, ORXA administration was not effective at reducing levels of cytokines and had a rather small effect on reducing microglial activation (CD11b). Since intranasal ORXA administration was not as effective in the cortex as in the hypothalamus at dampening neuroinflammation, co-treatment with an anti-inflammatory agent might afford additional benefit, preventing excessive inflammation in brain structures particularly vulnerable to ischemia. It is important to note that changes in mRNA levels detected in this study may not be necessarily translated to changes in protein levels.

The limited effect of ORXA treatment on reducing neuroinflammation in the cortical areas seems somewhat surprising, considering the significant improvement observed in measures of EEG gamma band power. These data indicate that brain structures other than cortex may be responsible for the relative stabilization of the gamma band after ORXA administration. Recent studies documented the origin of gamma band oscillations (GBO) in the proper domain of sub-cortical structures \[[@pone.0182707.ref058]\]. In particular, a cortical gamma oscillator is dependent on activity of fast-spiking parvalbumin-positive interneurons that elicit gamma oscillations in downstream excitatory neurons \[[@pone.0182707.ref058]\] \[[@pone.0182707.ref059]\]. Although cortical gamma rhythms originate in the cortex, orexin can modulate cortical gamma power through the ascending reticular activating system (ARAS)\[[@pone.0182707.ref060]\]. Recent studies indicate that cortically projecting interneurons in the basal forebrain, the final node of the ARAS \[[@pone.0182707.ref061]\], are particularly important in stage-dependent control of GBO \[[@pone.0182707.ref062]\]. Considering that ORXA administration affected a wide range of structures surrounding the basal forebrain (the striatum, hypothalamus and medulla), it is likely that in our study the basal forebrain mediated the effects of ORXA on cortical gamma power as well.

A number of additional questions will need to be addressed in future studies. For example, our model has not incorporated any of the risk factors for global brain ischemia such as aging, vascular disease, or hypertension. Potential protective effects of ORXA may be more difficult to demonstrate in a model that better incorporates those risk factors. We also did not address a question whether it is possible to detect any beneficial effects of ORXA treatment using peripheral biomarkers of neuronal injury (for example, NSE). In addition, it is important to test whether the beneficial effects of ORXA observed at the early time point are translated to biologically significant improvements at later stages of a post-coma recovery. For example, an ICV administration of ORXA has been shown to result in transient improvements at 4hrs post-CA and no differences in NDS or histopathology scores at 72 hrs \[[@pone.0182707.ref012]\]. If a single-bolus ORXA treatment is indeed not sufficient for longer beneficial effects, repeated dosing should be considered for future efficacy studies. The neuroinflammation after global brain ischemia could be time dependent and also region- and cell type-dependent, collectively presenting multiple therapeutic targets \[[@pone.0182707.ref063]--[@pone.0182707.ref065]\]. Targeting neuroinflammation may be a complex endeavor that may need to extend past the early reperfusion period. In addition, we could not rule out that the intranasal administration of ORXA may led to some systemic effects that could be responsible, at least in part, for the effects on NDS at 4 hrs. Finally, more mechanistic understanding of the anti-inflammatory effects of ORXA pathways are needed to narrow the inflammatory and therapeutic targets in the brain. More exhaustive studies on precise dosing and timing of delivery would also help in making this therapeutic approach clinically viable to combat consequences of global brain ischemia and coma.

Conclusions {#sec022}
-----------

The results of our study support the idea of beneficial effects of ORXA to facilitate early arousal from coma. On a physiological level, intranasal ORXA administration reduces neuroinflammation and facilitates arousal. First of all, ORXA resulted in stabilization of EEG gamma band power, a measure that is associated with good post-coma neurological prognosis. Further, the EEG measure, IQ, has been shown to correlate with neurological deficits and survival. Secondly, intranasal ORXA administration resulted in significant amelioration of neuroinflammation in multiple brain structures, including the hippocampus and hypothalamus. Our observation showing an improvement in cortical EEG gamma power, despite rather limited effects of ORXA on neuroinflammation in the cortex, seems to indicate that ORXA maintains cortical EEG through activation of subcortical structures. Intranasal delivery of ORXA is a highly clinically translatable route of administration, and EEG based monitoring similarly applicable approach to monitoring and titrating the drug effects. Therefore, our work lays the foundations for undertaking treatment of patients who have experience cardiac arrest and are in subsequent coma.
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ABG

:   arterial blood gases

IQ

:   Information Quantity

NDS

:   neurologic deficit score

ORXA

:   Orexin-A

ROSC

:   return of spontaneous circulation

TH

:   Therapeutic hypothermia
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